Introduction
Epilepsy is a common, serious neurological disorder characterized by recurring unprovoked seizures that result from the abnormal firing of populations of neurons in the brain [1] . Although the exact molecular pathogenic mechanism of epilepsy remains unclear, increasing evidence shows that the persistent upregulation of inflammatory gene expression contributes to the etiopathogenesis of epilepsy [2, 3] . Additionally, inflammatory mediators such as interleukin (IL)-1b, Toll-like receptors (TLRs), and other factors are involved in the development of epilepsy in experimental animal models and in patients [4, 5] .
MicroRNAs (miRNAs) are a family of small, endogenous noncoding RNAs that post-transcriptionally regulate target gene expression to control most aspects of biological processes, including innate and adaptive immune responses [6] [7] [8] . Abnormal miRNA expression has also been observed in different diseases associated with inflammatory and immune processes [9] [10] [11] . One miRNA that attracted our attention was miRNA-146a (miR-146a), which is well known for its important regulation of the TLR signaling pathway and of proinflammatory cytokines such as IL-1b and TNF-a [12] [13] [14] . Recently, increasing evidence has shown that miR-146a is upregulated in epilepsy mouse models and epilepsy patients [15] [16] [17] [18] , suggesting that miR-146a may operate as an important epigenetic regulator involved in the pathogenesis of epilepsy.
Single nucleotide polymorphisms (SNPs) could influence the function or the expression of genes and be associated with the risk of disease. Two SNPs in the miR-146a gene, rs2910164 and rs57095329, have functional importance: they modify the expression level of mature miR-146a [19, 20] and are associated with many inflammation-associated diseases such as systemic lupus erythematosus [19] , Behçet's disease [20] ulcerative colitis [21] , sepsis [22] and asthma [23] . To the best of our knowledge, no studies have examined the association between the rs57095329 SNP and epilepsy, and only one study on the association between one SNP (rs2910164) and the risk of temporal lobe epilepsy (TLE) has been performed in a primarily Caucasian population [24] . Until now, no similar studies have been performed in Asian populations. In the present study, we conducted a case-control study to determine the association between these two functional SNPs of miR-146a (rs2910164 G>C and rs57095329 A>G) and epilepsy in an ethnically homogeneous Chinese population. Moreover, the potential associations between the miR-146a polymorphisms and clinical variables such as TLE/no-TLE, drugresponsiveness/resistance and seizure frequency were also examined.
Materials and methods

Clinical data of epilepsy patients and healthy controls
Our study comprised 249 epilepsy patients (female 112; male 137; mean age: 26.5 AE 15.2 years) and 249 healthy controls (female 94; male 155; mean age: 50.1 AE 16.7 years). The epilepsy patients were recruited from two regions of China: the Department of Neurology of the Affiliated Hospital of Guangdong Medical College of southern China (134 patients and 137 controls) and the Department of Neurology of the first Affiliated Hospital of Harbin Medical University of northern China (115 patients and 112 controls). All of the patients were diagnosed and classified by experienced neurologists following the criteria of the International League Against Epilepsy [25] . Information such as the clinical history, electroencephalography (EEG) and magnetic resonance imaging (MRI) data was recorded for all patients. Patients and healthy controls with mental retardation were excluded as well as all of the healthy control subjects who had a history of seizures. The study was conducted in accordance with the Declaration of Helsinki, and written informed consent was obtained from all of the enrolled participants. This study was approved by the Ethics Committees of both the Affiliated Hospital of Guangdong Medical College and the first Affiliated Hospital of Harbin Medical University.
Patients were divided into two groups, according to treatment, as drug responsive and drug resistant. Drug responsiveness was determined from clinical records. A drug response was defined as freedom from seizures or a 50% or greater reduction in the seizure frequency for at least one year during treatment with antiepileptic drugs (AEDs). Drug resistance was defined as no change or less a than 50% reduction in the seizure frequency for at least one year with two or more appropriate AEDs at maximally tolerated therapeutic doses. Patients who underwent epilepsy surgery for refractory epilepsy were classified as having drug-resistant epilepsy, regardless of their postoperative seizure control status. Moreover, the seizure frequencies of drug-resistant epilepsy (DRE) patients were followed up and recorded. Twenty-three patients were excluded because their seizure frequency data with follow up included less than 6 months or because the patients underwent epilepsy surgery within the previous 6 months. Finally, a total of 52 patients were included in these statistics and were divided into groups according to their seizure frequencies, as follows: less than 5 times/month, more than 5 times/month, more than 10 times/ month and more than 30 times/month.
Genotyping
A 2-mL venous blood sample was taken for DNA extraction and genotyping. Genomic DNA was isolated from peripheral blood samples using a blood Genomic DNA Extraction Kit (Tiangen, China). DNA was genotyped using the ABI PRISM SNapShot method (Applied Biosystems, Foster, CA). The PCR primers used for the rs2910164 SNP were as follows: forward primer 5-GAACTGAATTC-CATGGGTTG-3 and reverse primer 5-CACGATGACAGAGATATCCC-3. The primers used for the rs57095329 SNP were as follows: forward primer 5-TCATTGGGCAGCCGATAAAG-3 and reverse primer 5-AGGAAGTTCTGGTCAGGCG-3. The assay conditions were in accordance with manufacturer's protocols. Fluorescence outputs were quantified in real time by using a 7500HT Fast Real Time PCR System (Applied Biosystems, Carlsbad, CA). For quality control, random duplicate samples (5%) were run for each sequence analysis.
Statistical analysis
All analyses were performed using SPSS version 19.0 (IBM, NY, USA). Genotype and allele frequencies distributions in the groups were counted and estimated using the chi-square test or Fisher's exact test. Deviation of the genotype or allele frequency was assessed using Hardy-Weinberg equilibrium (HWE). The odds ratio (OR) and 95% confidence interval (CI) were calculated to assess the correlation between the miR146a genotype and epilepsy. The data are presented as percentage frequencies or the means AE SD. Two-tailed p values <0.05 were considered to be statistically significant.
Results
Clinical characteristics
The demographic characteristics of our subjects are shown in Table 1 . In total, 249 epilepsy patients and 249 healthy controls, who were matched with case subjects according to sex, ethnicity and geographic location of origin, were recruited in our study. Among the cases, 174 patients were classified as TLE, and 75 patients were classified as non-TLE. No significant differences in the age and sex distributions between TLE patients and non-TLE patients were found. Additionally, the average seizure onset age was 19.42 AE 14.38 years, and no statistically significant difference was observed in the mean epilepsy onset age in patients in the TLE and non-TLE subgroups.
Genotype and allele frequency distributions in epilepsy patients and controls
All of the enrolled subjects were successfully genotyped for the rs2910164 and rs57095329 SNPs, and the association between the genotype and the risk of epilepsy was analyzed using the chisquare test. The deviation from Hardy-Weinberg equilibrium for the polymorphisms examined was not found in the distributions of genotypes in the patients and controls (all p > 0.05, data not shown). The genotype and allele frequencies of miR-146a polymorphisms in the studies are shown in Table 2 . For rs2910164, neither the genotype nor the allele showed significant differences between the epilepsy patients and the controls (genotypes p = 0.1500 and alleles p = 0.3279, respectively), and no significant difference was observed in the TLE group (genotypes p = 0.2649 and alleles p = 0.5666) or no-TLE groups (genotypes p = 0.2823 and alleles p = 0.2144) ( Table 2) . Similarly, we also did not observe a significant difference in the genotype or allele frequencies between the patients and controls for the rs57095329 SNP (epilepsy patients: genotypes p = 0.7539 and alleles p = 0.5230; TLE patients: genotypes p = 0.9677 and alleles p = 0.8612; no-TLE patients: genotypes p = 0.4099 and alleles p = 0.2413). Additionally, as shown in Table 3 , there was no statistically significant difference in the mean age of onset of epilepsy in patients with an miR-146a polymorphism (genotype for rs2910164: p = 0.253; genotype for rs57095329: p = 0.196). We further performed haplotype-based association analyses of rs2910164 and rs57095329. However, no significant associations were observed between these haplotypes and epilepsy (Table 4 ).
Genotype and allele frequency distributions of miR-146a polymorphisms between DRE patients and controls
The distribution of miR-146a genotypes was further analyzed in DRE patients and healthy controls. As shown in Table 5 , the rs2910164 SNP showed no significant association with DRE patients. However, rs57095329 showed a significant association in the DRE group compared with the controls (genotypes p = 0.0258 and alleles p = 0.0108), and the patients carrying the miRNA-146a rs57095329 A allele had a lower risk of DRE, indicating that the rs57095329 SNP could be a risk factor for DRE.
Genotype and allele frequency distributions of miR-146a polymorphisms among DRE patients
We collected the DRE patients with relatively stable seizure frequencies and with full clinical data with at least one year followup. A total of 52 DRE samples with relatively stable seizure frequency data were recruited for the association analysis between miR-146a polymorphisms and the seizure frequency. Among the 52 DRE patients, 31 patients had a seizure frequency of less than 5 times/month, 21 patients had a seizure frequency of more than 5 times/month, 16 patients had the seizure frequency of more than 10 times/month, and 7 patients had a seizure frequency of more than 30 times/month (Table 6 ). We analyzed the genotype and allele frequency distributions among DRE patients, and the results are shown in Fig. 1 . The rs2910164 polymorphism showed no significant association with the seizure frequency of the DRE patients. However, the rs57095329 A allele was observed with a trend of reducing the seizure frequency in DRE patients (all p < 0.001), indicating that rs57095329 in the promoter region of miR-146a was a risk factor for the seizure frequency of DRE patients.
Discussion
Despite extensive research, the mechanisms underlying the cause and progression of epilepsy remain unclear. In recent years, increasing evidence has supported the hypothesis that inflammatory processes within the epileptic brain might constitute a common and crucial mechanism in the pathology of seizures [26, 27] . In the brain tissue of patients with DRE, several proinflammatory cytokines have been detected [28, 29] , and in animal models, the inflammatory mechanisms are also intimately connected with the generation of seizure onset [30] . Importantly, although controversial, several pieces of clinical evidence indicated that steroids and other anti-inflammatory treatments have anticonvulsant properties in DRE patients [31, 32] , supporting the view that the effects on neuroinflammation may influence the Table 2 Distribution of miR146a gene polymorphisms between epilepsy patients and healthy controls.
RS2910164
All generation and exacerbation of epilepsy. MiR-146a is well known as a powerful innate immune-and pro-inflammatory-related regulator in immune and inflammatory responses. MiR-146a has been reported to be abnormally upregulated in several diseases [33] [34] [35] . Recently, miRNA expression profiling assays of samples under epilepsy conditions showed that miR-146a was significantly upregulated in the hippocampus both of a TLE rat model and of epilepsy patients [15, 16] , and miR-146a also interacts with IL-1b levels at different stages of epilepsy [14] . These findings inspired us to examine the relationship between miR-146a and epilepsy. In this case-control study, two functional SNPs in miR-146a (rs2910164 and rs57095329) were selected to evaluate the association between miR-146a polymorphisms and the risk of epilepsy. The rs2910164 G/C polymorphism, which is located in the stem region of precursor-miR146a and could disturb the expression of mature miR-146a through mismatching with the stem structure, has been associated with several diseases [21, 36, 37] . The rs57095329 polymorphism, which is located in the miR-146a promoter, was recently found to influence mature miR-146a levels by altering the binding affinity of miR-146a for VEts oncogene homologue 1 (Ets-1), thereby possibly contribute to disease susceptibility [19] . Our previous study also confirmed that both of the 2 functional SNPs of miR-146a could influence the expression levels of miR-146a in vitro [11] . However, in the present study, only rs57095329 was associated with DRE susceptibility. Why these two functional SNPs of miR-146a, which can both influence miR-146a expression, show different correlations with epilepsy in our association study remains unknown. Because epilepsy is a complex disease that is associated with multiple genetic and environmental factors, we inferred that the Table 5 Distribution of miR146a gene polymorphisms between DRE patients and controls. functional rs2910164 SNP may have a limited capacity to alter the susceptibility to epilepsy because it could only disturb miR-146a expression by influencing the stem structure of precursor miR146a. Nevertheless, rs57095329 is located in the promoter region of miR-146a. Thus, the effect of this SNP on the miR-146a expression level relies mainly on Ets-1. Notably, Ets-1 is widely expressed in the cortex and hippocampus and is upregulated in Alzheimer's disease, in which the inflammatory response is one of the important pathological features [38] , suggesting that rs57095329 may have a potential function on the miR-146a expression due to the high level of Ets-1 in the brain when inflammation occurs such as in epilepsy. However, the effects of rs57095329 and rs2910164 on miR-146a expression in the epileptic brain require further study. Another novel finding was that our statistical data showed a connection between the rs57095329 A allele and the reduced seizure frequency. Recently, increasing evidence suggested that miR-146a may play a more important role before the onset of seizures. E. Aronica and coworkers observed a prominent upregulation of miR-146a in a mouse model at 1 week after status epilepticus; furthermore, this upregulation persisted into the chronic phase [15] . This finding was supported by another study, which confirmed that miR-146a expression was highest in the latent stage and lowest in the acute stage in an MTLE rat model; during the latent stage of seizures, a state of chronic inflammation was also observed in epileptic patients [16] . Moreover, miR-146a is a potential powerful regulator and acts as a regulating mechanism to prevent an excessive inflammatory response [12, [39] [40] [41] . Thus, we infer that miR-146a may serve as a negative regulator of chronic inflammation in the latent stage in epilepsy patients. Additionally, the rs57095329 A allele may weaken the chronic inflammation in the latent stage of epilepsy via increased miR-146a expression, thereby potentially reducing the seizure frequency. DRE patients were chosen for this analysis based on the following considerations: first, obtaining accurate data regarding seizure frequencies among epilepsy patients who have not used AEDs in several months is difficult, and the drug-responsive patients who utilized AEDs in our study lacked stable seizure frequencies; second, in contrast, the DRE patients had a relatively homogeneous background and stable seizure frequencies during the drug treatment. Thus, our results do not exclude the possibility that this polymorphism may be associated with the seizure frequency of the other subtypes of epilepsy patients. However, because epilepsy is a multifactorial disorder in which genetic susceptibility and environmental factors may both be implicated, larger samples of epilepsy patients, more clinical data and further study of the molecular mechanism underlying this association are needed to confirm this association.
Our study has some potential limitations. Although we recruited from two regions in China, the sample sizes of the case and control groups in this study were still not large enough. Moreover, the data regarding the seizure frequency of the DRE patients were mainly collected by questionnaires and by continuously recording clinical observations; thus, we cannot exclude the existence of bias from the physician. Moreover, although associations between the miR-146a polymorphisms and DRE were observed, the molecular mechanism of these associations is not reflected in this case-control study. Our future studies will focus on exploring the mechanisms underlying the connection between miR-146a and epilepsy.
In summary, our study identified for the first time a significant association between the rs57095329 polymorphism in the promoter of miR-146a and the risk of DRE. The rs57095329 A allele was associated with a reduced seizure frequency in DRE patients.
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